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Size-uniform Si nanodots NDs are synthesized on an AlN buffer layer at low Si111 substrate
temperatures using inductively coupled plasma-assisted magnetron sputtering deposition.
High-resolution electron microscopy reveals that the sizes of the Si NDs range from 9 to 30 nm.
Room-temperature photoluminescence PL spectra indicate that the energy peak shifts from 738 to
778 nm with increasing the ND size. In this system, the quantum confinement effect is fairly strong
even for relatively large up to 25 nm in diameter NDs, which is promising for the development of
the next-generation all-Si tandem solar cells capable of effectively capturing sunlight photons with
the energies between 1.7 infrared: large NDs and 3.4 eV ultraviolet: small NDs. The strength of
the resulting electron confinement in the Si/AlN ND system is evaluated and justified by analyzing
the measured PL spectra using the ionization energy theory approximation. © 2009 American
Institute of Physics. doi:10.1063/1.3274467
I. INTRODUCTION
Owing to widespread applications of Si-based technolo-
gies and devices in microelectronic and optoelectronic
technologies,1,2 Si-based thin-film materials are among the
most suitable material systems for the development of the
next-generation renewable energy sources. One of the most
advanced concepts of photovoltaic solar cells relies on Si
nanocrystals nanodots NDs embedded in different layers
of all-Si tandem cell configurations.3 It appears practical to
use the NDs of different sizes to absorb sunlight photons
with different energies.4–6 Another viable possibility is to use
the NDs in combination with the precisely adjusted elemen-
tal doping to create intermediate minibands within the
bandgap to enable effective two-step electron excitation pro-
cesses to form the excitons.7,8 The latter strategy critically
depends on our ability to select the types of doping elements
and control their densities, which is particularly challenging
in the process of ultrasmall ND growth.9 In addition, mul-
tiple defects and dislocations often severely compromise the
energy bandgap structure of the functional layers of the solar
cells.8 A promising solution is to use relatively large NDs
which are easier to synthesize and control the associated
electron energy structure by adjusting the parameters of the
three-dimensional ND patterns and the surrounding matrix.
Here we show the possibility of synthesizing dense ar-
rays of relatively large Si NDs on a large bandgap, optically
transparent AlN buffer layer. These NDs feature sufficiently
strong electron confinement in order to absorb the most im-
portant region of the solar spectrum, i.e., photons with the
energies from 1.7 to 3.4 eV. The Si single-crystalline sub-
strates supporting the Si/AlN NDs can in turn be used to
effectively absorb the lower-energy photons below 1.7 eV.
Noting that the energy of the high-intensity radiation from
the Sun that reaches the earth at sea level is mainly concen-
trated between 1.0 and 3.4 eV,10 the Si-ND/AlN/Si system
offers the possibility to effectively respond to the sunlight in
almost the entire spectral range of interest. As such, if one
can develop all-Si tandem solar cells incorporating the Si-
based NDs with the sizes ranging from 3 to 30 nm, and
featuring sufficiently strong electron confinement, it may be-
come possible to increase the efficiency of the solar cells as
well as to ultimately reduce the fabrication cost.
II. EXPERIMENT
In this work, plasma-assisted nanofabrication tools11–16
have been used to precisely control the formation of Si/AlN
NDs. Size-uniform Si NDs on an AlN buffer layer have been
synthesized by means of the low-frequency inductively
coupled plasma ICP assisted magnetron sputtering
deposition.17–21 The buffer layer made of the X-V com-
pound AlN has been chosen because of its many merits such
as a very high dielectric constant 8.5, excellent thermal
conductivity 3.2 W/cm K, and high refractive index
2.15.22–24 In addition, AlN has a hexagonal wurtzite crystal
structure and its lattice constants, a and c, are 3.112 and
4.982 Å, respectively. This material is particularly suitable as
a buffer layer as it can be doped to lower the photolumines-
cence PL energy peaks, which in turn significantly im-
proves the carrier transport through the AlN matrix.25,26 Fur-aElectronic mail: kostya.ostrikov@csiro.au.
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thermore, AlN can withstand high temperatures, and is
resistant to oxidation for up to 1350 °C. The sizes of Si NDs
grown on the AlN buffer layers in our experiments were
between 9.1 and 29.5 nm and could be effectively controlled
by adjusting the gas flow rates, rf power, and the process
duration. In each case, the size distributions of the Si NDs
were reasonably narrow and led to the appearance of clearly
resolved PL energy peaks at room temperature.
The ICP-assisted magnetron sputtering has previously
been demonstrated as a very effective and high-throughput
technique for the synthesis and postprocessing of ND-based
materials such as nanoislanded nanocrystalline SiC.17 Com-
pared to conventional rf capacitively coupled plasma dis-
charges, the plasma reactor of our interest features low-loss
rf power deposition through the quartz top endplate using
inductive coupling. This noncapacitive power transfer in turn
leads to low plasma sheath potentials in the vicinity of the
electrode, substrate, and wall surfaces.27–29 As such, the ICP
source is capable of generating thermally nonequilibrium
temperatures of electrons Te, ions Ti, and neutrals Tn satisfy
TeTiTn, high-density plasmas at low operating pres-
sures; the achievable electron/ion number densities typically
up to 1012 cm−3 at moderate input power densities can be
1–2 orders of magnitude higher than in conventional capaci-
tive discharges operated under similar conditions.27 Under
such conditions, the near-surface potential drop does not usu-
ally exceed a couple of ten volts. Furthermore, in the low
below 1 Pa pressure range, the plasma sheath is
collisionless.11
The Si ND arrays on a-AlN thin film buffer layers were
synthesized in 460 kHz ICPs sustained in a SiH4+Ar+H2
precursor gas mixture. The AlN films were deposited on a
Si111 substrate using Ar+H2 plasma-assisted rf 13.56
MHz magnetron sputtering of high-purity 99.99% Al tar-
gets diameter of 120 mm. Both processes were imple-
mented within the same vacuum cycle in the Integrated
Plasma-Aided Nanofabrication Facility.30 During the deposi-
tion of the AlN buffer layer, the rf power levels to sustain the
ICP and to carry on the magnetron sputtering were 1.5 and
0.3 kW, respectively. The partial concentrations of N2, Ar,
and H2 gases were 50%, 40%, and 10%, respectively. The
total pressure in the chamber was maintained at 1.5 Pa, the
substrate temperature was kept at 350 °C, and the deposition
time was 25 min.
To deposit Si NDs on the AlN buffer layer, the plasma
discharge was sustained in a SiH4 5 SCCM+Ar+H2 pre-
cursor gas mixture using 2.0 kW rf powers at 460 kHz. The
substrate temperature maintained the same TS=350 °C as
in the previous process step. The negative dc voltage of
50 V was used to bias the substrates during the growth
process conducted at the total gas pressure in the chamber
p0=0.26 Pa. The mass flow ratios of Ar and H2 precursor
gases were varied from 16:1 for sample 1 to 8:1 for sample
2. In both cases the ND deposition time was 20 s. By using
the same process parameters as for sample 1 and then in-
creasing the process duration to 60 s, patterns of larger NDs
were synthesized sample 3. The deposition rates were very
high and typically reached 0.5–1 nm /s for all the samples
used in this study.
III. RESULTS AND DISCUSSION
The AlN and Si-ND/AlN films were analyzed using field
emission scanning electron microscopy FESEM, Fig. 1,
high-resolution transmission electron microscopy HRTEM,
Fig. 2a, selected area electron diffractometry SAED, Fig.
2b, and x-ray diffractometry XRD, Fig. 3. From the
SEM image in Fig. 1a, one can find that the surface of the
AlN buffer layer is smooth. The corresponding XRD pattern
in Fig. 3 curve 1 indicates that AlN is polycrystalline and
features the preferential 002 growth direction.31 The optical
transmission measurements using UV-visible spectroscopy
not shown here have revealed that the mean transmittance
in the broad IR-to-UV range was up to 96%, which is par-
ticularly favorable for the envisaged photovoltaic and opto-
electronic applications. Figures 1b–1d show the FESEM
micrographs of the three Si/AlN ND patterns with the differ-
ent mean ND sizes, namely, 9 sample 1, 15 sample 2, and
25 sample 3 nm, respectively. From Figs. 1b and 1c one
can notice a uniform nanoisland size distribution. In each
case, more than 70% of all nanoislands have sizes only
slightly different to within 5% from the mean sizes of ap-
proximately 9 nm Fig. 1b and 15 nm Fig. 1c.
Figure 2 presents the plan-view HRTEM image and the
corresponding SAED pattern of sample 1. In particular, the
HRTEM micrograph in Fig. 2a shows that fairly size-
uniform silicon NDs are embedded in a polycrystalline AlN
film. The mean diameter of the NDs in Fig. 2a appears to
be very close to the values deduced from the FESEM analy-
sis Fig. 1b.
The XRD patterns recorded from the AlN buffer layer
and the as-deposited sample 1 are shown in Fig. 3. One can
clearly see that the predominant diffraction peak corresponds
to the 111 orientation of crystalline silicon. It is generally
believed that the surface energy of the 111 plane in Si is the
lowest compared with that of any other orientation, i.e.,
220 and 311 observed in our experiments. The appear-
FIG. 1. FESEM images of AlN buffer layer a and different mean sizes b
9 nm, c 15 nm, and d 25 nm of Si NDs on the AlN buffer layer.
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ance of the preferential growth orientation is the combined
result of several effects such as the surface energy, nucle-
ation, and lateral growth.32
Room-temperature PL was generated by all the three
samples under exposure to the laser beam with an excitation
wavelength of 514 nm. Figure 4 shows the measured PL
intensities in the wavelength range from 600 to 950 nm. The
peak positions of the samples 1, 2, and 3 are 738, 745, and
778 nm, respectively. The respective full widths at half maxi-
mum FWHM of these energy peaks are 121, 111, and
97 nm. One can notice here that the peak position shifts to
the longer wavelengths redshift, and the FWHM increases
with increasing the Si ND size.
The empirical equation based on the effective mass
theory EMT that describe the PL peak energies for different
QD sizes is given by after incorporating the corrections re-
lated to the atomic ionization energy  calculated using the
ionization energy theory IET approximation33–35
Eo  = A + B/d2, 1
where A and B=1018n22− n122 /2m are material-
specific constants. Here, the unit for the ND diameter d is
nanometer, which was incorporated into the multiplier
1018 m−2. Furthermore, A depends on the bulk energy band-
gap, Eg in units of eV while B is known as the confinement
strength parameter, which quantifies the strength of the size-
dependent electron confinement. Moreover, n1 and n2 repre-
sent the discreet energy levels within the NDs,  is Planck’s
constant divided by 2, m denotes the effective mass of the
electron, Eo is the total energy of the ND, and  is the atomic
ionization energy.
FIG. 2. HRTEM micrograph a and SAED pattern b of sample 1.
FIG. 3. Color online XRD spectra of AlN buffer layer curve 1 and
Si-ND/AlN curve 2 film sample 1.
FIG. 4. Color online Measured room-temperature PL spectra from samples
1–3. Curve labeling corresponds to the sample number.
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Using Eq. 1, one can now relate the term B /d2 to the
physical properties of a given ND. This relation is particu-
larly important to understand the evolution of the electronic
confinement in semiconducting nanoparticles for different
doping levels and during the far-from-equilibrium growth
process. Using Eq. 1 and the IET approximation,35–37 we
will now interpret the results of the PL measurements in Fig.
4. These results suggest that the NDs with multiple discreet
energy levels can be reasonably approximated as consisting
of one ground state and one “main” excited state, the differ-
ence between which gives rise to the peak PL emission.
Hence, the PL emission for a given ND size can be described
through the electron excitation in the NDs from the ground
state n1 to the excited state n2.
Figure 5 shows the experimentally measured using the
results in Fig. 4 and calculated using Eq. 1 dependences
of the PL peak energy on the average ND size. The solid line
in Fig. 5 is the best fit with B=9.12 eV and A=1.6 eV. The
exact value 9.12 eV of the confinement strength parameter B
in silicon has been obtained for n2=5 the ground level is set
to n1=1. Thus, stronger electron confinement can be
achieved for higher values of n2, and hence, at larger energy
level difference, which is proportional to n22− n12.
Consequently, the Si/AlN NDs synthesized in our experi-
ments are suitable to absorb photon energies between 3.4 and
1.7 eV, which corresponds to the ND size between 2.5 and
25 nm, respectively. Here we note that a reasonable surface
coverage should be achieved for every particular ND size to
obtain the adequate efficiency in photovoltaic applications.
The inset in Fig. 5 is the enlarged section for the ND
sizes between 1 and 4 nm. This enlarged section shows the
improved electron confinement in Si/AlN NDs as compared
to a-Si /SiNx nanoparticles of the same size solid line with
square boxes in Fig. 5.34 In the latter case, B=2.40 eV and
A=1.56 eV based on the EMT approximation. This result
can be recaptured using Eq. 1 with BB=3.04 eV and
A=A=1.56 eV which is valid for n2=3 as shown by the
solid line with triangles see Fig. 5 and the inset in it. It
becomes clear here that the electron confinement strength
parameter B in Eq. 1 is not a free-floating parameter, and is
determined by the specific energy level difference in each
particular case. In these calculations, we have assumed that
any changes to the effective electron mass m with the ND
size d are very small. This assumption is reasonable since the
observed changes in the PL spectra have been explicitly re-
lated to the energy level differences in the NDs with a strong
electron confinement effect. The large value for B 9.12 eV
for Si /AlN3.04 eV for Si/SiN implies a larger energy
level difference, Si /AlNa-Si /SiNx, as suggested by
the IET approximation.
It is noteworthy that operation of high-density ICPs sig-
nificantly increases the current flowing through the sputter-
ing electrode and as such facilitates the process of release of
metal species from the metal target. The plasma also plays
several important roles in the deposition process, such as
conditioning and activation of the deposition substrate, cre-
ation of the required building units in the gas phase, as well
as control of the energy and fluxes of impinging ions that
traverse the sheath;11,12,38–42 the potential drop in this sheath
depends on the electron temperature and the electron/ion
number density.
IV. CONCLUSION
In summary, Si/AlN NDs embedded in a polycrystalline
AlN film have been fabricated on Si111 substrates by using
the ICP-assisted magnetron sputtering deposition. The ob-
served room-temperature PL spectra have been analyzed and
explained using the IET approximation. The growth of Si/
AlN NDs was fine tuned in such a way that the quantum
confinement appears to be strong enough even for relatively
large ND sizes up to 25 nm. This “large size” and strong
electron-confinement effect can be used to capture most of
the photon energy from the sunlight in the third-generation
all-Si tandem solar cells. The use of relatively larger NDs
may be more effective compared to very small NDs
2 nm because of the significantly reduced exciton densi-
ties in such small NDs, which also usually feature rather
small surface coverage. Consequently, future work is needed
to i grow very small NDs 2 nm with reasonably large
surface coverage, ii understand the mechanisms of
electron-phonon interactions between Si NDs and the AlN
buffer layer, and iii explore the possibility to further in-
crease both the ND size and the quantum confinement by
doping the AlN layer.43 An interesting option along this di-
rection is to consider an alternative Si-based buffer layers or
the substrate, such as SixC1−x.
FIG. 5. Color online Dependence of the room-temperature PL peak energy
on the average ND size in the pattern. The experimental data points solid
circles are for PL energy peaks obtained for samples 1–3 with the average
ND sizes of 9, 15, and 25 nm, respectively. The plain solid line is plotted
using Eq. 1 for Si/AlN NDs. The other solid line with triangles is also
plotted using Eq. 1 for a-Si /SiNx nanoparticles. The solid line with square
boxes is based on the EMT approximation Ref. 34. The inset is an enlarged
section for ND sizes between 1 and 4 nm.
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